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ABSTRACT 

The  structure  of  the  solid-liquid  interface  is  of  fundamental  importance  in  chemistry,  hut  progress 
in  understanding  this  interface  has  been  slow,  due  to  the  lack  of  in-situ  probes  that  provide  infor¬ 
mation  at  atomic  scales.  Recently,  in-situ  surface  X-ray  srallcring  measurements  have  provided 
in.sight  into  the  microscopic  nature  of  solid-liquid  interfaces  and  this  paper  will  discuss  experiments 
on  electrochemically  deposited  monolayers  of  Pb,  Tl,  and  Bi  on  Ag  and  Au  (1 1 1)  electrodes. 

Tl  and  Pb  fonn  two-dimensional  (2D),  incommensurate  hexagonal  solids  that  are  compressed  rel¬ 
ative  to  bulk  and  rotated  by  4-5“  with  respect  to  the  substrate.  As  the  applied  electrode  potential  f 
decreases,  the  in-planc  atomic  spacing  also  dccrca,scs.  since  the  chemical  potential  of  the  monolayer 
increases.  From  the.se  data,  the  2D  compressibility  the  monolayer  can  be  calculated.  We  find  that 
the  compressibility  is  ottly  slightly  dependent  on  substrate,  being  smaller  on  Ag(lll)  than  on 
Au(t  1 1).  For  'ri/Ag(l  1 1),  the  intensity  of  the  Ag  surface,  diffraction  changes  when  the  monolayer 
is  adsorbed.  This  results  from  a  sub.strate-induced  modulation  of  the  atomic  po.sitions  in  the 
incommensurate  monolayer  and  we  have  quantified  this  modulation.  ni/Ag(  1 1 1)  forms  an  unusual 
structure:  a  rectangular  lattice  that  is  uniaxially  commensurate  with  the  hexagonal  surface.  There 
arc  two  Bi  adatoms  per  rectangular  unit  cell  and  one  adatom  is  displaced  from  the  centered  position 
by  0.,'55  A.  The  commensurate  Bi  rows  lie  along  the  rows  of  three-fold  hollow  sites  on  the  Ag(l  1 1) 
surface.  This  unusual  structure  reflects  the  tendency  toward  covalent  bonding  found  in  Bi  and  a 
fortuitous  match  between  the  atomic  spacings  of  the  Ag  substrate  and  the  close  packed  planes  of 
bulk  Bi.  In  contrast  to  Tl  and  Pb  where  the  compressibility  is  isotropic,  ni/Ag(l  1 1)  compresses 
anisotropically  and  this  maintains  the  uniaxi.ally  commensurate  stnjctuic. 

Our  rc.sults  show  that  for  the.se  metal  monolayer  .systems  the  adalom-arlalom  interactions  determine 
the  atomic  structure  of  the  monolayer  and  the  adatom-substrate  interactions  only  weakly  affect  this 
structure.  Furthermore,  the  .slnicture  is  not  influenced  by  the  presence  of  the  large  concentration 
of  adsorbed -water  molecules  or  anions. 
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ABSTRACT 

The  structure  of  the  solid-liquid  interface  is  of  fundamental  importance  in  chemistry,  but 
progress  in  understanding  this  interface  has  been  slow,  due  to  the  lack  of  in-situ  probes  that  provide 
information  at  atomic  scales.  Recently,  in-situ  surface  X-ray  scattering  measurements  have  provided 
insight  into  the  microscopic  nature  of  solid-liquid  interfaces  and  this  paper  will  di.scuss  experiments  on 
clectrochcmically  deposited  monolayers  of  Pb,  Tl.  and  Ui  on  Ag  and  Au  (1 1 1)  electrodes. 

^  Tl  and  Pb  form  two-dimensional  (2D),  incommensurate  hexagonal  solids  that  arc  compresfed, 
relative  to  bulk  and  rotated  by  4-5"  with  respect  to  the  substrate.  As  the  applied  electrode  potential 
decreases,  the  in-planc  atomic  spacing  also  dccrca.scs,  since  the  chemical  potential  of  the  monolayer 
increases.  From  these  data,  the  2D  comprc.ssibility  the  monolayer  can  be  calculated.  We  find  that 
the  compressibility  is  only  slightly  dependent  on  substrate,  being  smaller  on  Ag( 111)  than  on  Au( III). 
For  Tl/Ag(ill),  the  intensity  of  the  /ig  surface  diffraction  changes  when  the  monolayer  is  adsorbed. 
This  re.sults  from  a  substrate-induced  modulation  of  the  atomic  po.sitions  in  the  incommensurate 
monolayer  and  we  haVe  quantified  this  modulation.  Bi/Ag(lll)  forms  an  unusual  structure:  a 
rectangular  lattice  that  is  uniaxially  commensurate  with  the  hexagonal  surface.  There  are  two  Bi 
adatoms  per  rectangular  unit  cell  and  one  adatom  is  displaced  from  the  centered  position  by  0.35  A. 
The  commensurate  Bi  rows  lie  along  the  rows  of  three-fold  hollow  sites  on  the  Ag(l  1 1)  surface.  This 
unusual  structure  reflects  the  tendency  toward  covalent  bonding  found  in  Bi  and  a  fortuitous  match 
between  the  atomic  spacings  of  the  Ag  sub.stratc  and  the  clo.'ic  packed  planes  of  bulk  Bi.  In  contrast 
to  Tl  and  Pb  where  the  compressibility  is  Isotropic,  Bi/Ag(lll)  compresses  anisotropically  and  this, 
maintains  the  uniaxially  commensurate  structure. 

Our  results  show  that  for  these  metal  monolayer  systems  the  adatom-adatom  interactions 
determine  the  atomic  structure  of  the  monolayer  and  the  adatom-substrate  interactions  only  weakly 
affect  this  structure.  Furthermore,  the  structure  is  not  influenced  by  the  presence  of  the  large 
concentration  of  adsorbed  water  molecules  or  anions. 

1.  INTRODUCTION 

The  atomic  structure  at  the  solid-liquid  interface  is  of  fundamental  importance  in 
electrochemistry,  since  this  structure  strongly  affects  the  chemical  and  physical  properties  of  the 
interface.  Despite  this,  a  determination  of  the  structure  of  the  solid-liquid  interface  has  proved 
elusive.  Surfaces  inherently  contain  very  few  atoms.  Hence,  to  obtain  the  required  sen.sitivity,  surface 
.science  has  largely  relied  on  probes  that  interact  very  strongly  with  matter.  In  iddition  to  the  high 
.sensitivity,  this  approach  has  the  added  advantage  of  providing  surface  .selectivity,  since  the  probe 
docs  not  penetrate  far  into  the  bulk  sub.stratc.  Hnfortunaicly.  the  same  features  which  make  these 
techniques  so  attractive  for  surface  .studies  preclude  their  use  outside  ultrahigh  \acuum  (I.MIV).  and 
thus,  the  techniques  arc  tinu.sablc  as  in-situ  probes  of  electrochemical  interfaces,  fo  date,  most 
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successful  in-situ  studies  have  relied  primarily  on  ultraviolet,  visible  or  infrared  radiation,  since  their 
propagation  distances  in  many  solutions  arc  suitably  large.  Thc-sc  methods  have  provided  valuable 
information  on  the  type  and  possible  orientation  of  interfacial  species,  but  only  indirectly  indicate 
crystallographic  structure. 

X-ray  diffraction  has  long  been  recognized  as  the  most  powerful  technique  for  structure 
determination  of  three-dimensional  (3D)  matter,  and  in  the  past  decade,  much  progress  has  been 
made  in  the  application  of  X-ray  diffraction  to  the  study  of  two-dimensional  (2D)  adsorbed  layers  and 
surfaccs.l'^  The  principal  advantage  of  X-ray  diffraction  compared  to  more  familiar  surface  structural 
tools,  such  as  low-energy  electron  diffraction  (LliHD)  and  reflection  high-energy  electron  diffraction 
(RlIKIiD),  is  that  X-rays  interact  weakly  with  matter.  Thus,  the  kinematic  theory  of  diffraction 
applies  and  the  interpretation  of  intensities  is  greatly  simplified  compared  to  Lf'HD  and  RlinHD. 
The  weak  interaction  of  X-rays  with  matter  provides  an  additional  advantage  for  measurements  of 
structures  that  arc  "buried"  beneath  a  condensed  phase  or  thin  film,  since  it  results  in  a  large 
penetration  depth.  Therefore,  X-rays  can  be  used  to  probe  buried  interfaces,  unlike  most  other 
surface-sensitive  structural  techniques. 


Using  surface  X-ray  scattering,  substantial  progress  has  recently  made  in  determining,  in-situ, 
the  atomic  structure  of  solid-liquid  intcrfacc.s,3-l^  and  this  paper  summarizes  results  of  our 
invc.itigations  of  elcctrochcmically  adsorbed  metal  monolayers.’’’ '  In  the  following  section,  the 
important  experimental  aspects  of  these  in-situ  experiments  arc  described,  and  after  tliis,  we  explain 
undcrpotential  electrochemical  deposition  (UPD),  since  this  is  the  way  the  monolayers  arc  deposited. 
Our  results  for  Tl/Ag(lll)  arc  then  discussed;  wc  have  considered  Tl/Ag(lll)  a  prototypical  UPD 
system  and  have  investigated  this  system  in  some  detail,  hollowing  this,  we  compare  the  UPD 
systems  of  Pb,  Tl,  and  Pi  on  Ag(lll)  and  Au(lll)  and  draw  some  general  conclusions  about  the 
important  structure  determining- forces  in  these  UPD  systems.  VVe  then  di.scuss  Bi/Ag(lll)  in  more 
detail,  since  this  system  is  rather  unusual. 

2.  EXPERIMENTAL  ASPECTS 


All  our  experiments  were  performed  in-situ  (in  an  electrolyte)  and  under  potential  control.  The 
key  to  these  in-situ  experiments  is  the  development  of  a  suitable  electrochemical  cell.  This  has  been 
described  elsewhere  in  detail,"*-  5.  lO  and  here  we  only  briefly  mention  some  important  aspects  of  the 
cell.  The  cell  is  made  of  Kcl-f^  and  the  electrode  is  clamped  to  a  pedestal  that  extends  .slightly  above 
the  lip  of  the  cell.  A  key  aspect  of  the  cell  dc.sign  is  a  thin,  flexible  polypropylene  window  that* 
contains  the  electrolyte  above  the  electrode.  The  metal  monolayers  are  deposited  with  the  window 
distended  or  'inflated'  so  a  relatively  thick  (~lmm)  layer  of  electrolyte  covers  the  electrode.  The 
electrolyte  is  then  partially  withdrawn  and  the  .surface  diffraction  data  arc  measured  through  the  thin 
(<30/im)  layer  of  electrolyte  that  remains  on  the  electrode.  This  thin-layer  geometry  minimizes  tlic 
absorption  of  the  incident  and  diffracted  X  rays  by  the  electrolyte  and  limits  the  intensity  of  X  rays 
scattered  by  the  electrolyte  (which  significantly  contribute  to  the  background  in  thc.se  experiments). 


The  electrode  substrates  were  epitaxially  grown  Ag  and  Au  thin  films  that  arc  vapor  deposited 
onto  freshly  cleaved  mica;"*-  ^  our  data  show  that  these  arc  of  high  quality.”  fhe  electrolytes  were 
prepared  from  ultrapurc  reagents  and  "nanopurc'  (Barnstcad),  deionized  water,  and  the  electrode 
potentials  were  measured  relative  to  the  Ag/Ag('l  (3M  K('l)  icfcrcnce  electrode  in  the  diffraction  cell. 
X-ray  data  '  ere  obtained  at  the  National  Synchrotron  Light  Source  (NSI.S)  beam  line  X20  with 
incident  X-ray  energies  of  typically  10  keV  (waxclcngths  of  1.24  A).^-  ^  The  X-ray  beam  was  focused 
onto  the  sample  with  a  spot  size  of  approximately  1x1  mm^  and  the  incident  flux  was  approximately 

2.rlo"/scc.  The  incident  flux  was  monitoicd  by  a  .scintillation  dclcctoi  viewing  a  Kapton  foil,  and  the 
diffracted  intensity  was  normalized  to  this  monitor  count  latc  to  compensate  for  changes  in  the 
incident  flux.  The  difTracted  beam  was  analyzed  with  1  mrad  Sollcr  -Jlits  and  the  intensity  was 
measured  with  a  .scintillation  detector. 


3 


V(mV) 

-700  -600  -500  -400  -300 


V(mV) 

Figure  1.  Cyclic  voltanimogram  (CV)  for  the 
UI’D  ofTl  on  Ag(m)  in  2.5x10-3  M  TI2SO4 
and  O.IM  Na2S04.  The  potentials  were 
measured  relative  to  Ag/AgCl  (3M  KCl)  and 
the  scan  rate  was  2  mV/.s.  The  Nernst 
potential  for  bulk  deposition  is  -710mV.  The 
inset  shows  the  adsorption  isotherm,  which  is 
the  integral  of  the  current  in  the  CV.  This  is 
the  charge,  that  flows  into  the  electrode 
during  T1  deposition.  There  is  a  background 
current  due  to  proces.scs  that  do  not  involve  T1 
deposition.  This  was  estimated  by  a  linear 
current  that  passes  through  the  ('V  at  -600  and 
-180mV.  It  has  been  subtracted  from  the  data 
in  the  calculation  of  Q^j. 


-6-44  6 


y  (<J»g) 

Figure  2.  X>ray  diffraction  of  the  T1  (10)  IJragg 
rod  for  Tl/Ag(lll)  at  a  deposition  potential  of 
-.550mV.  (a)  A  radial  scan.  The  a/.imuthal 

angle  is  fixed  at  (/>  =  4.6'’;  this  is  the  angle 
between  the  scattering  vector  and  the  Ag  (21 1) 
direction,  (b)  An  azimuthal  angle  scan  at  fixed 

0jl=  2.16A''  '.  In  both  scans  ^^  =  0.1.5A"  '. 


3.  UNDERPOTENTIAL  DEPOSITION 


The  electrochemical  deposition  of  metal  layers  onto  a  foreign  metal  substrate  frequently  occurs 
in  di.stinct  stages  with  the  initial  formation  of  one  (or  more)  layers  at  electrode  potentials  positive  of 
the  Ncrn.st  potential  for  bulk  deposition. •  3.  !<>  'nds  process  is  termed  underpotential  deposition 
(UPD),  and  on  single  crystals,  these  initial  deposits  have  been  speculated  to  form  well  defined, 
ordered  layers.’^  The  UPD  layers  arc  often  deposited  by  linearly  ramping  the  electrode  potential  in  a 
negative  direction  from  an  initial  potential  that  is  positive  enough  that  no  metal  ;s  adsorbed.  Figure  1 
shows  the  current  flowing  to  the  Ag  electrode  during  such  a  linear  potential  ramp  (a  cyclic 
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voltammogram  or  CV)  for  T1  on  Ag(lll)*’  >9  if  kinetic  effects  arc  absent  and  the  adsorbing 

ion  is  completely  discharged  (as  for  Tl/Ag(l  1 1)'*),  the  current  flow  is  proportional  to  the  derivative  of 
the  adsorption  isotherm.^*’  (See  the  inset  in  Fig.  1).  When  the  potential  reaches  -700m'^  yust 
positive  of  the  Nernst  potential  for  deposition  of  bulk  Tl),  the  direction  of  the  potential  ramp  is 
reversed  and  the  Tl  layers  are  stripped  (or  desorbed)  from  the  Ag  surface. 


The  predominant  features  in  Fig.  1  arc  two  .sets  of  large,  sharp  peaks.  The  first  set  occurs  at 
approximately  -470mV  (240mV  positive  of  the  Nernst  potential).  I  he  peak  with  negative  current 
results  from  deposition  of  Tl,  while  the  positive-current  peak  is  due  to  stripping.  vSince  the  charge 
associated  with  deposition  (see  inset  in  Fig.  I)  is  close  to  that  expected  for  a  close  packed  monolayct 
of  Tl,  this  negative-current  peak  has  prcviou.sly  been  attributed  to  the  deposition  of  a  monolayer  of 
20.  21  Correspondingly,  the  second  negative-current  peak  in  Fig.  1  is  attributed  to  the 
deposition  of  a  second  layer  of  Tl  on  top  of  the  first,  forming  a  bilayer.  Our  X-ray  scattering 
measurements  confirm  these  speculations  and  provide  detailed  information  on  the  structure  of  the 
UPD  deposit.  In  the  following  sections,  we  discuss  this  structure  and  its  dependence  on  electrode 
potential. 


4.1  MONOLAYER  STRUCTURE  OF  TL/AGf  1 11) 


Figure  2  shows  radial  and  a/imuthal  diffraction  scans  of  the  (10)  Bragg  rod  from  the  Tl 
monolayer  at  -5.50mV.  In  an  azimuthal  (or  rocking)  scan,  the  diffracted  intensity  is  measured  ajong 
an  arc  at  a  constant  scattering  vector,^^  Q  =  (4rt/i)  sin  0,  while  in  a  radial  scan,  the  intensify  is 
measured  along  a  radial  scattering  vector  at  constant  sample  orientation,  (/>.  In  the  radial  scan,  the 
intensity  is  plotted  against  Q.,  the  component  of  the  scattering  vector  parallel  to  the  surface,  'fhese 
data  show  excellent  signal  to  background,  with  peak  count  rates  of  about  7,.500  counts  per  second 
(cps)  over  a  background  of  only  2500  cps.  The  background  is  mostly  due  to  scattering  from  the 
electrolyte.  The  azimuthal  scan  shows  peaks  at  both  (/>  =  ±4.6'';  these  two_  peaks  result  from  two 
equivalent  domains  of  the  Tl  monolayer  that  arc  .oriented  +4.6'“  from  the  Ag  (21 1)  direction. 

Figure  3a  shows  the  in-plane  diffraction  pattern  for  the  Tl  monolayer  determined  from  our 
in-situ  X-ray  scattering  data.  In  this  diffraction  pattern,  the  normal  to  the  substrate  is  perpendicular 
to  the  plane  of  the  paper.  The  diffraction  from  both  Tl  domains  was  observed  with  equal  intensity 
and  one  of  the  domains  is  marked  with  arrows.  The  diffraction  pattern  is  similar  to  the  LEFD 
pattern  that  would  be  observed  for  Tl/Ag(lll),  if  it  were  possible  to  obtain  l.FED  data  in  an 
electrolyte.  Scans  along  the  Tl  (10)  and  (II)  Bragg  rods  have  also  been  conducted,^  and  provide 
information  about  the  atomic  jcorrelations  perpendicular  to  the  surface.  In  rod  scans,  the  diffracted 
intensity  is  measured  with  Q..  held  con.stant,  while  the  component  of  the  scattering  vector 
perpendicular  to  the  substrate  surface  {Q^)  is  varied.  From  fits  to  the  rod  .scans,  we  conclude  that  the 
Tl  deposit  forms''a  20  monolayer  and  that  the  in-plane  and  out-of-nlanc  root-mean-squarc  (rms) 
displacement  amplitudes  arc  =  0.36  ±  0.05 /f  and  =  0.46  +  0.1  .1.  respectively.^  Note  that  in 
addition  to  dynamic  disorder  (vibrations),  will  include  a  contribution  from  any  buckling  in  the 
monolayer. 

The  diffraction  pattern  (Fig.  3a)  together  with  the  rod  scans  .show  that  the  Tl  deposit  forms  a 
20  incommensurate,  hexagonal  monolayer  in  which  the  adatoms  arc  closely  packed  together.  This 
structure  is  almost  the  same  as  in  the  close  packed.  (00.1)  planes  of  bulk  Tl,  but  the  monolayer  is 
compressed  compared  to  the  bulk  metal  and  rotated  about  4-.5''  from  the  Ag  [OlT]  direction.  Figures 
3b  and  3c  show  two  schematic  representations  of  the  real  space  structure  of  one  domain  of  Tl  on 
Ag(l  1 1).  The  open  circles  represent  atoms  of  the  Ag(l  1 1)  surface  and  ha\c  a  diameter  proportional 
to  their  nearest-neighbor  spacing  (2.89  A),  fhe  .shaded  circles  represent  the  Tl  adatoms  and  have  a 
diameter  proportional  to  3.34  A,  which  is  approximately  their  aveiage  nearest-neighbor  spacing. 
Figure  3b  shows  the  average  structure  of  the  Tl  monolayer;  it  ignores  the  subtle  local  modulation  in 
near-neighbor  positions  that  results  bccau.se  the  adatom.s  tend  to  mo\e  toward  the  lowest  energy  sites 
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I'igurc  3.  (a)  In-platic  dilTraction  pattern  for  a 
monolayer  of  T1  on  Ag(in).  The  center  of  the 
pattern  is  illustrated  with  a  plus,  the  Ag  peaks  with 
open  circles,  and  the  T1  peaks  with  filled  circles,  (b) 
and  (c).  Schematic  real-space  representation  of  one 
domain  of  monolayer  Tl  on  Ag(n  1).  (b)  The  average 
monolayer  structure,  (c)  The  modulated  structure, 
.showing  the  atomic  positions  when  the  adatoms  relax 
toward  the  lowest  energy  sites  on  the  substrate. 


on  the  substrate,*  We  have  determined  this  substrate  induced  spatial  modulation  in  the  Tl  monolayer 
by  measuring  the  intensity  changes  along  the  Ag  surface  rods  when  the  monolayer  is  deposited,  and 
we  find  that  it  has  an  amplitude  of  0.03  A.*  The  modulation  in  the  incommensurate  monolayer 
changes  the  intensity  of  the  silver  surface  scattering,  since  the  modulation  has  the  same  periodicity' as 
the  silver  substrate.  The  structure  of  the  modulated  monolayer  is  shown  in  Fig.  3c.  The  spatial 
modulation  appears  as  local  density  increases  and  decreases  that  are  apparent  in  Fig.  3c  as 
'overlapping'  adatoms  and  'empty  spaces'  between  adatoms,  respectively.  These  density  changes 
increase  the  monolayer  clastic  energy,  but  this  increase  is  more  than  compensated  for  by  the  decrease 
in  the  adsorbate-substrate  energy  that  results  because  the  adatoms  arc  in  lower  energy  sites  on  the 
substrate. 

A  dramatic  feature  of  the  DPI)  structure  is  the  large  compression  of  the  Tl  monolayer  compared 
to  bulk  Tl.  This  compression  varies  with  potential  (.sec  below),  but  ranges  from  1.4%  (at  -470  mV)  to 
3.0%  (close  to  th(^Nernst  potcntial).^^  Note  that  a  similar  comprc.ssion  in  bulk  Tl  would  require  a 
pressure  of  about  .50,000  atmo.sphcrcs.  As  di.scu.s.scd  in  .See.  we  have  also  found  that  UPD 
monolayers  of  Pb/Ag(l  1 1)^’  and  Pb  and  'fl  on  Au(Ill)  have  similar  compressions.  These  can  all  be 
understood  with  cfrcctive  medium  theory.**’  In  this  theory,  the  environment  of  an  atom  is 
modeled  as  a  homogeneous  electron  gas,  and  the  binding  energy  of  the  atom  in  this  environment 
(e.g.,  in  a  solid  or  at  a  surface)  is  rclatccl  to  the  embedding  energy  of  the  atom  in  this  electron  gas. 
Ifhis  is  the  embedding  density  and  it  is  a  monotonically  decreasing  function  of  atomic  .spacing.^-^ 
Thu.s,  in  a  solid,  the  minimum  in  the  binding  energy  as  a  function  of  embedding  density  determines 
the  equilibrium  atomic  spacing. 

If  we  now  consider  a  free  standing  monolayer,  then  the  coordination  number  of  the  atoms  in 
this  layer  is  less  than  in  a  bulk  solid.  Thus,  if  the  atomic  spacing  in  the  monolayer  is  the  same  as  in 
the  solid,  the  embedding  density  of  the  monolayer  is  less  than  the  density  that  gives  the  minimum 
binding  energy.  To  reduce  the  binding  energy,  the  embedding  density  must  increase  ..nd  this  i<: 
achieved  by  a  contraction  of  the  atomic  spacing  (e.g.,  compression).  For  the  more  relevant  case  of  an 
incommensurate  monolayer  on  a  substrate,  the  substrate  atoms  will  contribute  to  the  embedding 
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density,  and  thus,  the  atomic  spacing  will  be  larger  than  for  a  free  standing  monolayer.  However,  the 
atomic  spacing  will  still  be  smaller  than  bulk,  since  the  coordination  number  is  smaller  than  in  bulk. 

4.2  DEPENDENCE  OF  STRUCTURE  ON  POTENTIAL 


We  find  that  for  potentials  between  -47.5  and  -680  mV,  the  T1  deposit  remains  a  20 
incommensurate,  hexagonal  monolayer,  but  that  with  decreasing  electrode  potential,  the  monolayer 
compresses.  This  behavior  is  shown  in  Fig.  4,  where  we  plot  the  dependence  of  the  near-neighbor 
distance  a_„  on  electrode  potential.  The  datum  at  -477  mV  may  represent  a  mctastablc  state.  We 
observed  tnat  the  diffraction  peak  disappeared  slowly  over  about  two  hours,  but  after  a  short  initial 
time  (2il5  minute),  the  peak  po.sition  was  con.stant.  This  potential  is  very  close  to  the  potential  where 
the  T1  monolayer  is  reported  to  be  unstable,  transforming  into  another  phase  after  about  30 
minutes.*’^'  We  arc  continuing  to  investigate  this  apparently  metastable  behavior. 


The  compression  of  the  monolayer  with  decreasing  electrode  potential  is  readily  understood: 
The  chemical  potential  of  the  adatoms  in  the  monolayer  increases  as  the  electrode  potential  decreases, 
because  the  potential  drop  across  the  mctal/solution  interface  becomes  more  negative  (i.c.,  the  driving 
force  to  adsorb  ions  from  solution  increases).  Since  the  chemical  potential  of  the  monolayer  has 
increased,  the  monolayer  free  energy  can  be  reduced  by  increasing  the  number  of  11  adatoms  on  the 
Ag  surface;  this  directly  leads  to  the  monolayer  compression.  1'hc  compression  of  UP!)  layers  with 
decreasing  potential  is  completely  analogous  to  vacuum  experiments  on  the  adsorption  of  rare  gases. 
Here  the  chemical  potential  of  the  adsorbed  layer  is  controlled  by  the  vapor  pressure  of  the  gas,  Sind 
an  increase  in  the  vapor  pressure  causes  a  comprc.ssion  of  the  adsorbed  laycr.^^’ 


From  the  dependence  of  a„„  on  electrode  potential,  the  2D  isothermal  compressibility  of  the 
monolayer,  K2/),  can  be  determined.^*  ^  We  find  that 
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where  <!>  is  the  2D  spreading  pressure,  a  is  the  atomic  area  (ViT u,„,2/2  for  a  hexagonal  monolayer  .such 
as  Tl),  n  is  the  monolayer  chemical  potential,  Z  is  the  number  of  electrons  transferred  per  atom 
deposited,  and  V  is  the  electrode  potential.^’  *’•  ^  The  last  identity  in  F.q.  (I)  follows  bccau.se  there  is 
chemical  and  thermal  equilibrium  between  the  monolayer  and  the  adsorbing  species,  and  thus, 
<//i  =  —  ZedV.^^  For  metallic  adsorbates  chemical  equilibrium  is  readily  achievable  in  electrochemical 


Figure  4.  Dependence  of  the  Tl  monolayer 
near-neighbor  spacing,  on  the  electrode 
potential  V.  1'hc  triangle  is  for  the  bilaycr 
and  the  open  circles  arc  for  the  monolayer. 
The  errors  arc  the  size  of  the  data  points. 
The  data  arc  plotted  as  a  function  of 
decreasing  potential  and  the  line  is  the 
least-squares  fit  of  a  quadnitic  to  the  data. 
The  arrow  marks  the  'average' 
near-neighbor  spacing  for  bulk  'fl. 
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environments  (where  the  adsorbing  species  arc  ions  in  solution),  but  it  is  almost  impossible  to  achieve 
chemical  equilibrium  in  vacuum  (where  the  adsorbing  species  are  free  metal  atoms). 

Using  Eq.  (I)-and  the  derivative  of  the  best-fit  quadratic  function  to  the  data  (shown  by  the  line 
in  Fig.  4),  we  calculate  that  for  Tl/Ag(l  1 1)  ^2^  varies  linearly  with  potential  from  2.2  AVcV  at  -480 
nfiV  to  0.9  A^cV  at  -6.50  mV  and  that  the  average  compressibility  is  K2p=  I..*)  A^/cV.  'fhe  decrease  in 
the  compressibility  of  Tl/Ag(Ill)  with  more  negative  electrode  potentials  or  .smaller  near  neighbor 
spacing  is  expected:  As  the  atomic  spacing  decreases,  the  adatom-adatom  repulsive  force  becomes 
increasingly  stronger,  and  this  makes  it  increasingly  difficult  to  pack  the  adatoms  closer  together. 


For  most  bulk  metals  the  compressibility  «  dominated  by  the  electron  compressibility,^’  and 
hence,  a  similar  domination  is  expected  for  mct<..  monolayers.  Using  a  21)  free  electron  gas  model  of 
the  compressibility,^’  ”  we  estimate  K2d=0A4  A’/cV.  This  is  in  reasonable  agreement  with  our 
experiment;  in  fact,  the  agreement  is  as  good  as  that  found  for  a  three  dimensional  free  electron  gas 
and  bulk  Tl.  It  would  be  interesting  to  see  if  a  more  realistic  value  of  K21)  could  be  predicted  with  a 
more  sophisticated  model  of  Tl  on  Ag(l  II),  .such  as  an  embedded-atom  model. 2*^ 

The  rotation  angle  Q  is  also  dependent  on  electrode  potential.''  However,  we  arc  unable  to 
accurately  quantify  this  behavior,  bccau.se  of  an  irreversible  decrea.se  in  Q  with  potential  cycling.  We 
can,  however,  determine  the  qualitative  behavior  and  find  that  Q  decreases  with  decrcajging 
near-neighbor  .spacing  (increasing  potential).  This  behavior  is  consistent  with  that  obtained  fromPthc 
theoretical  model  of  Novaco  and  McTaguc,  which  predicts  the  dependence  of  the  rotation  angle  on 
the  near-neighbor  spacing  for  incommensurate  adsorbed  layers.’^  The  rotation  of  the  adsorbed  layer 
away  from  a  high  symmetry  direction  (c.g.  Ag  [OlT])  results  because  the  rotation  allows  the  adatoms 
to  sit  closer  to  the  low  energy  sites  of  the  sub.stratc  and  bccau.sc  it  takes  less  energy  to  create  a  shear 
wave  (i.c.,  a  rotation)  than  a  contpressive  wavc.^^ 

5.  A  COMPARISON  OF  UPD  MONOLAYERS  ON  (11 H  SUBSTRATES 


To  understand  the  factors  that  control  the  atomic  structure  of  Ul’l)  layers,  we  have  studied 
additional  UPD  .systems:  Pb/Ag(lll),  Bi/Ag(lll),  Pb/Au(lll),  and  Tl/Au(Ill).  Tl  and  Pb  on 
Au(Ill)  and  Ag(lll)  form  21),  incommensurate  hexagonal  monolayers,  but  Bi/Ag(lll)  forms  a 
rectangular  lattice  that  is  uniaxially  commensurate  with  the  hexagonal  surface;'’  the  structure  of  the  Bi 
monolayer  is  described  below.  For  all  thc.se  UPD  .systems,  we  note  that  the  monolayer  structure  is 
essentially  identical  to  that  for  the  same  vapor  deposited  system.*’’  "•  It  is  remarkable  that 

in  the.se  two  very  different  environments  the  .structure  of  thc.se  metal  layers  is  the  .same.  This  shows 
that  for  the  UPD^of  thc.se  heavy  metals  (Tl,  Pb,  Bi)  on  these  smooth  (111)  surfaces  (Ag  and  Au),  the 
interaction  between  the  solvent  molecules  and  the  adatoms  ilocs  not  inriucncc  the  monolayer 
structure. 


It  is  reasonable  to  expect  that  the  structure  of  a  UPl)  l.ncr  could  be  .sensitive  to  the  prc.scncc  of 
strongly  adsorbing  anions,  since  the  anion  can  influence  the  >,:.ture  of  the  peaks  in  the  ('V.-’’  Thus, 
for  Pb/Ag(lll),  we  have  investigated  the  monolayer  structure  in  both  acetate  and  perchlorate 
electrolytes  (strongly  adsorbing  and  weakly  ad.sorbing  anions,  respectively).  Wc  find,  however,  that 
the  monolayer  structure  and  its  dependence  on  potential  is  the  same  in  both  these  electrolytes, 
Similar  results  arc  also  obtained  for  Bi/Ag(lll)  in  chloiidc-containing  and  ..hloridc-frcc  electrolytes 
(sec  bclow).^  These  observations  show  that  the  monolayer  structuic  is  not  affected  by  interactions 
between  the  adatoms  and  anions  adsorbed  on  the  UPl)  monolayer. 

Since  wc  have  found  that  the  structure  of  the  UPl)  layer  is  not  influenced  by  the  solvent  or 
adsorbed  anions,  wc  will  now  consider  the  atomic  interactions  that  arc  impoitant  in  determining  the 
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monolayer  structure  for  Tl,  Pb,  and  Bi  on  the  (111)  faces  of  Ag  and  Au.  The  strongest  interaction  is 
that  between  the  adatoms  and  the  substrate,  since  this  bond  strength  is  approximately  equal  to  the 
adsorbate-adsorbate  bond  strength  plus  the  UPD  shift.  Because  this  interaction  is  so  strong,  the 
UPD  deposit  forms  a  monolayer  rather  than  bulk  clusters;  however,  this  interaction  does  not 
determine  the  structure  within  the  monolayer.  The  primary  force  that  determines  this  structure  is  the 
adatom-adatom  interaction;  we  deduce  this  because  the  systems  adopt  structures  similar  to  those 
found  in  the  closest  packed  planes  of  the  bulk  crystals  of  the  UPD  deposits  and  because  the  layers  are 
incommensurate.  Although  the  adatom-substrate  interaction  is  strong,  the  corrugation  or  spatial 
variation  in  the  adatom-substrate  interaction  is  rather  weak.  It  influences  the  structure  only  weakly 
by  creating  the  local  spatial  modulation  (see  Fig.  3c  for  Tl/Ag{lll)).  Note  that  Bi/Ag(lll)  is 
different,  since  it  is  commensurate  in  one  direction;  this  is  explained  below  as  a  fortuitous  match 
between  the  substrate  and  monolayer. 


For  all  UPD  layers  we  have  studied,  the  in-planc  spacing  between  adatoms  decreases  with 
decreasing  electrode  potential.  The  cause  of  this  change  is  described  above  in  our  discussion  of 
Tl/Ag(ll  1).  Our  d.:tta  enable  a  determination  of  the  2D  compressibilities  for  these  UPD  .systems.  We 
find  that  K2q  has  average  values  of  1.8,  1.5,  1.6,  and  1.2  AVcV  for  Tl/Au(lll),  Tl/Ag(lll), 
Pb/Au(l  1 1),  and  Pb/Ag(l  1 1),  respectively.  Thu.s,  for  the  .same  UPD  deposit,  K2iy  is  slightly  dependent 
on  sub.strate  and  is  smaller  on  the  Ag(l  1 1)  than  on  Au(l  1 1),  although  the  reasons  for  this  are  not  yet 
clear.  If  we  compare  the  measured  compressibilities  to  those  cstiinatcd  for  the  2D  frce-electron  gas 
model  of  the  compressibility  (sec  the  previous  section),  we  find  that  this  primitive  model  i.'t  in 
qualitative  agreement  and  correctly  predicts  the  trends. While  this  is  gratifying,  the  model  is  bot 
quantitatively  correct,  and  furthermore,  it  predicts  that  the  compressibility  is  independent  of 
substrate,  in  contrast  to  our  observations.  It  would  be  interesting  to  see  if  a  more  realistic  model 
could  predict  the  observed  compressibilities. 

6.  BI/AG(lin;  A  RECTANGULAR  OVERLAYER  AND  A  TEST  OF  EX-SITU  EMERSION 

TECHNIQUES 


The  UPD  system  Bi/Ag(lll)  is  unusual  because  the  monolayer  adopts  a  rcxtangular  structure  on 
a  hexagonal  substrate  and  because  the  monolayer  lattice  is  uniaxially  commensurate  with  the  Ag 
substrate  along  the  [211]  direction.^  This  intcrc.sting  .structure  is  shown  in  Fig.  5.  Another  unusual 
aspect  of  this  UPD  layer  is  that  the  structure  has  the  two  Bi  adatoms  per  rectangular  unit  cell,  but  it 
is  not  a  ccntcrcd-rectangular  lattice.  From  .surface  crystallographic  measurements,  wc  find  that  the 
nearly-centered  adatom  is  displaced  from  the  centered  position  by  0.35  A  along  the  commensurate 
direction  (sec  Fig.  5).  This  displacement  shortens  two  of  the  Bi-Bi  near-neighbor  bond  distances  but 
lengthens  two  others  and  likely  reflects  the  tendency  toward  covalent  bonding  in  Bi.  The  monolayer 
structure  is  quite  close  to  that  of  the  closc-packcd  or  (102)  planes  of  bulk  hexagonal  Bi,  and  this 
.supports  our  conclusion  that  the  primary  force  that  determines  the  structure  of  the  UPD  layer  is  the 
adatom-adatom  interaction.  Wc  believe  that  the  commensurate  nature  of  the  Bi  monolayer  is  due  to 
a  fortuitously  close  match  between  the  atomic  spacings  of  the  Ag  substrate  and  the  (102)  Bi  planes. 


Our  surface  crystallographic  measurements  also  show  that  the  disorder  in  the  monolayer  is 
anisotropic;  the  rms  displacement  amplitude  in  the  commensurate  direction  is  0.2  A,  while  in  the 
incommensurate  direction,  it  i.s  0.3  A.  This  reflects  the  tendency  of  the  substrate  to  'lock'  the 
adatoms  in  position  along  the  commensurate  direction.  In  addition,  wc  have  used  measurements  of 
the  intensities  of  the  Ag  surface  diffraction  to  determine  the  registry  of  the  Bi[10]  rows.  .Since  the  Bi 
is  commensurate  with  the  Ag  (in  oirc  direction),  its  diffraction  interferes  with  the  Ag  diffraction  and 
this  can  be  u.scd  to  determine  the  registry.  Oui  measurements  ir.dicatc  that  the  Bi[10]  rows  lie  along 
the  rows  of  three-fold  hollow  sites  on  the  Ag  surface,  fhis  is  reasonable,  since  liicsc  itollow  sites  arc 
likely  the  minimum  energy  sites.  (Wc  have  shown  this  for  'ri,'Ag(l  1 1).)''^ 
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Figure  5.  Structure  of  UPD  Bi/Ag(lll).  The 
open  circles  represent  the  surface  atoms  of  the 
Ag  substrate  and  the  shaded  circles  represent 
the  Bi  adatoms.  The  relative  sizes  of  these 
circles  correspond  to  the  near  neighbor  s()acing 
of  bulk  Ag  (2.89A)  and  bulk  Bi  (.1()7A).  The 
Bi  monolayer  is  commcnsurMc  in  (he  a 
direction,  {a  =.5.00.5A-  yjT  time?  Ag 
nearest-neighbor  distance),  but  is 
incommensurate  in  the  h  direction  {h  =  AMA  - 
4.56A). 


Figure  6.  Dependence  of  the  Bi  monolayfr 
lattice  constants  on  the  electrode  potential  V. 
The  filled  and  open  circles  arc  for  chloride-free 
(O.IM  IICIO^  with  2.5mM  BuOj)  and 
chloride-containing  (O.IM  IICIO4  with  2.5mM 
BijOj  and  0.35mM  NaCl)  electrolytes, 
respectively,  (a)  The  lattice  constant,  a,  which 
has  an  average  value  of  a  =  .5.007±0.002/f 
(b)  The  lattice  constant  h.  The  line  is  a  linear 
least-squares  fit  to  the  data. 


The  potential  dependence  of  the  structure  of  UPD  Bi/Ag(III)  is  interesting.  In  contrast  to  T1 
and  Pb,  where  the  monolayers  compre.ss  isotropically  as  thc_ electrode  potential  decreases,  Bi 
compresses  wiiaxially  along  the  incommen.suratc  direction  (Ag[0lT]).  This  is  demonstrated  in  Fig.  6, 
where  the  a  and  b  lattice  con.stants  of  the  monolayer  arc  plotted  vs  potential  in  both 
chloride-containing  and  chloride-free  electrolytes.  In  both  electrolytes  only  the  incommensurate 
lattice  constant,  b,  depends  on  the  electrode  potential.  The  commensurate  lattice  constant,  a,  remains 
locked  to  the  Ag  lattice  over  the  entire  potential  range  where  the  monolayer  is  stable.  Thus,  the 
compression  prc.scfvcs  the  uniaxial  commensurate  structure.  The  compressibility  that  we  calculate 
from  Fig.  6  and  Gq.  (1)  is  ^20  =  0.8  A^lcV.  As  expected,  this  is  about  the  .same  for  UPD  monolayers 
of  I'l  and  Pb  and  is  in  reasonable  agreement  with  K20  for  a  2D  free  electron  gas  (!i:0.2AVcV).  We 
note  that  although  thr  ''ompression  is  uniaxial,  the  comprc.ssibiliiy  uc  measure  is  a  iwo-dmc.nsional 
comprc.ssibility,  not  a  i/oe-dimcnsional  compre.s.sibility.  since  the  monolayer  is  inherently  two 
dimensional. 


Our  Bi/Ag(lll)  experiments  also  permit  direct  comparison  of  a  surface  structure  determined 
in-situ  with  the  structure  measured  'ex-.situ',  after  emersion  (removal)  from  an  clcctrochcrnical  ccll.*^ 
Because  of  the  lack  of  in-situ  techniques  for  studying  adsoibcd  layers  at  solid-liquid  interfaces, 
considerable  effort  has  been  directed  toward  studying  these  lasers  using  ex-situ  techniques,  where  the 
electrode  surface  is  examined  with  surface  .science  methods  following  cincision  of  the  electrode.''' 
One  of  the  key  questions  to  be  addre.s.sed  is  v.hethcr  the  stiuctuic  determined  c.\-situ  (after  emersion) 
is  the  same  as  the  structure  in-situ.  Thus,  we  have  compaicd  our  stiucturc  for  Bi, Ag(lll)  to  the 
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surface  structure  measured  by  ex  situ  methods  and  vve  find  that  the  structures  are  the 

same.^  This  provides  an  important  existence  proof  that  the  in-situ  monolayer  structure  can  be 
preserved  in  ex-situ  emersion  experiments. 

7.  SUMMARY 

We  have  described  results  of  in-situ  surface  X-ray  scattering  experiments  on  electrochemically 
deposited  layers  of  Pb,  TI,  and  Bi  on  Ag  and  Au  (111)  electrodes.  T1  and  Pb  form  2D, 
incommensurate  hexagonal  monolayers  that  are  compressed  compared  to  bulk  and  rotated  by  4-.5'' 
with  respect  to  the  substrate.  fhe  comprc.ssion  is  interpreted  in  terms  of  eficctive  medium 
theory. 2^*  As  the  electrode  potential  decrca.ses,  the  in-plane  atomic  spacing  also  decrca.ses,  and 

thc.se  data  enable  the  determination  of  the  monolayer  compressibility,  f-or  both  fl  and  Pb,  the 
compressibility  is  depends  only  weakly  on  sub.stratc  and  is  smaller  on  Ag(l  1 1)  than  on  Au(l  1 1).  The 
observed  compressibilities  arc  in  reasonable  agreement  with  those  calculated  for  a  2D  free  electron 
gas  model.  For  TI/Ag(lll),  we  have  measured  the  substrate-induced  modulation  of  the  atomic 
positions  in  the  monolayer  and  find  that  it  is  small.  Bi/Ag(  111)  is  unusual  and  forms  a  rectangular 
lattice  that  is  uniaxially  commensurate  with  the  substrate.  The  commensurate  Bi  rows  lie  along  the 
rows  of  three-fold  hollow  sites  and  there  arc  two  Bi  adatoms  per  rectangular  unit  cell.  This  unusual 
structure  reflects  both  the  tendency  toward  covalent  bonding  in  Bi  and  a  match  between  the  atomic 
.spacings  of  the  Ag  sub.stratc  and  the  (102)  planes  of  bulk  Bi.  In  contrast  to  TI  and  Pb,  Bi/Ag(lll) 
compresses  anisotropically  to  maintain  the  uniaxial  commensurate  structure.  A  comparison  between 
the  in-situ  and  cx-situ  structures  of  IJPD  Bi/Ag(lll)  demonstrates  that  the  in-.situ  monola3f:r 
structure  can  be  preserved  in  cx-situ  emersion  experiments. 


Our  results  .show  that  for  these  metal  monolayer  systems  the  adatom-adatom  interactions 
predominantly  determine  the  atomic  structure  of  the  monolayer.  The  adatom-substrate  interactions 
only  weakly  influence  this  structure  and  the  presence  of  the  large  concentration  of  adsorbed  water 
molecules  or  adsorbing  anions  do  not  aflcct  the  structure.  I'hesc  experiments  also  show  the  surface 
X-ray  scattering  can  provide  important,  micro.scopic  information  oti  the  structure  of  solid-liquid 
interfaces. 
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